The Alpha-Mendeleev ridge complex is a first-order physiographic and geological feature of the Arctic Amerasia Basin. High amplitude "chaotic" magnetic anomalies (the High Arctic Magnetic High Domain or HAMH) are associated with the complex and extend beyond the bathymetric high beneath the sediment cover of the adjacent Canada and Makarov-Podvodnikov basins. Residual marine Bouguer gravity anomalies over the ridge complex have low amplitudes implying that the structure has minimal lateral density variability. A closed pseudogravity (magnetic potential) contour around the ridge complex quantifies the aerial extent of the HAMH at~1.3 × 10 6 km 2 . We present 2D gravity/magnetic models for transects across the Alpha Ridge portion of the complex constrained with recently acquired seismic reflection and refraction data. The crustal structure is modeled with a simple three-layer geometry. Large induced and remanent magnetization components were required to fit the observed magnetic anomalies. Density values for the models were based on available seismic refraction P-wave velocities. The 3000 kg/m 3 lower crustal layer is interpreted as a composite of the original crustal protolith and deep (ultramafic) plutonic intrusions related to a plume sourced (High Arctic) LIP. The 2900 kg/m 3 mid-crustal and 2600 kg/m 3 upper-crustal layers are interpreted as the combined effect of sills, dikes, and flows. Volumetric estimates of the volcanic composition include (at least) 6 × 10 6 km 3 for the mid-and upper-crust and between 13 × 10 6 and 17 × 10 6 km 3 within the lower crust -for a total of~20 × 10 6 km 3 . We compare the magnetic structure, pseudogravity, and volumetric estimates for the HAMH portion of the HALIP with global large igneous province analogs and discuss implications for Arctic tectonics. Our results show that the closest analog to the HAMH/HALIP is the Kerguelen Plateau, which is considered a continental plateau intensively modified by plume-related volcanism.
1. Introduction
Arctic Amerasia Basin physiography
The study area for this paper encompasses much of the Amerasia Basin surrounding the Alpha and Mendeleev ridges (Fig. 1) . The Alpha and Mendeleev ridges are the eastern (Alpha) and western (Mendeleev) components of a continuous seafloor high (bathymetric elevations range from approximately 3500 mbsl to 2500 mbsl) that extends from the Ellesmere Island portion of the Canadian Polar Margin (eastern side) to the East Siberian Shelf (western side; see Fig. 1 ). The overall high is approximately 2000 km long and 200-400 km wide. For submarine elevations shallower than 2500 mbsl, the Alpha and Mendeleev ridges are two separately labeled oceanic features divided at a saddle (approximate depth 2700 mbsl) known as Cooperation Gap (Treshnikov et al., 1966) . The shallowest portions of both the Alpha and Mendeleev ridges are above 1000 mbsl.
The Lomonosov Ridge is a long (~1600 km) and narrow (typical width about 170 km) seafloor high (reaches submarine elevations above 1000 mbsl) separating the Eurasia Basin from the Amerasia Basin. The Lomonosov Ridge is a sliver of high standing continental crust that was separated from the Barents shelf as a result of Cenozoic seafloor spreading in the Eurasia Basin.
Between the Alpha-Mendeleev ridge complex and the Lomonosov Ridge lie the Makarov and Podvodnikov basins with seafloor depths N3500 mbsl. The Chukchi Borderlands is a bathymetrically complex, high-standing seafloor feature situated between the Alpha-Mendeleev ridge complex and the Bering Sea Shelf. The Canada Basin is a large deep water region (depths N3500 mbsl) bordered by the Alpha-
Early geophysical interpretations for the High Arctic
The earliest regional Arctic magnetic interpretations were published in the 1960s and early 1970s based on reconnaissance profiles collected at very high altitude (20,000 ft) in the early 1950s by the U.S. Air Force and Coast and Geodetic Survey and in the 1960s at low altitude (450 m) by the University of Wisconsin (Ostenso, 1962; King et al., 1964 King et al., , 1966 Ostenso and Wold, 1971) . US Geological Survey researchers King et al. (1964 King et al. ( , 1966 identified and mapped a "Central Magnetic Zone" that with "considerable confidence" they interpreted (based on comparison with magnetic profiles from the Canadian Shield) as a "large sunken block of continental rocks". Ostenso and Wold (1971) , in contrast, working with the same set of magnetic profiles, concluded that the profiles crossing the Alpha Ridge were consistent with similar profiles across the Atlantic Ridge near Iceland. Vogt and Ostenso (1980) modeled gravity profiles from floating ice islands T-2 and T-3 along with the early magnetic profiles to further pursue an Atlantic Ridge analog interpretation for the "Alpha Cordillera" (their terminology). The U.S. Navy collected a series of magnetic profiles across the central Alpha Ridge and much of the Canada Basin in 1977 and 1978. Taylor et al. (1981) analyzed these profiles over the Alpha Ridge and concluded (1) the Alpha Ridge magnetic character continued beneath the sedimentary cover of Canada Basin, (2) the high amplitude magnetic anomalies of the Alpha Ridge were not consistent with sea floor spreading parallel to the ridge axis, and (3) the high amplitude and irregular Alpha Ridge anomalies are similar to magnetic patterns observed near Iceland.
Operating from more recent magnetic and gravity data grids, numerous authors have associated the large amplitude magnetic patterns in the Alpha-Mendeleev region with large volumes of basaltic rock (e.g., Piskarev, 2004; Lebedeva-Ivanova et al., 2006; Vogt et al., 2006; Grantz et al., 2009 Grantz et al., , 2011 Døssing et al., 2013) . Based on "back of the envelope" magnetic and isostatic arguments, Vogt et al. (2006) gave an estimate of 10 × 10 6 km 3 mafic volume for the Alpha-Mendeleev volcanic province. Using an unpublished magnetic data compilation, Grantz et al. Funck et al. (2011) ; CESAR from Forsyth et al. (1986a,b) ; LOREX from Forsyth and Mair (1984) . Thin black lines show locations of (2007 to 2011) Louis S St. Laurent seismic reflection data. Yellow dots show locations of (2007 to 2011) sonobuoy deployments (Chian and Lebedeva-Ivanova, 2015) . Yellow squares show sonobuoy locations from Jokat et al. (2013) . Red dots show locations of volcanic samples: 1) Van Wagoner et al. (1986) ; 2) Jokat et al. (2013) ; 3) Brumley et al. (2013) ; Mukasa et al. (2009 Mukasa et al. ( , 2015 ; 4) Morozov et al. (2013 a,b) . The axis of Marvin Spur (MS) is shown with a yellow dotted line. AB = Amundsen Basin; AX = Axel Heiberg Island; CB = Chukchi Basin; CG = Cooperation Gap; ELI = Ellesmere Island; NB = Nautilus Basin; NS = Nautilus Spur; NWR = Northwind Ridge; MB = Makarov Basin; PB = Podvodnikov Basin; SB = Stefansson Basin; SS = Sever Spur.
(2009) mapped boundaries of a magnetically defined "AlphaMendeleev LIP". Saltus et al. (2011) used the IPY (International Polar Year) magnetic compilation to define circumArctic magnetic domains and included a (slightly) revised version of the Grantz et al. (2009) "Alpha-Mendeleev LIP" Domain. Døssing et al. (2013) examined, in some detail, the magnetic expression of the Alpha Ridge portion of the High Arctic Magnetic High Domain (HAMH), and concluded that it represents a portion of the High Arctic Large Igneous Province (HALIP), and further suggested that it represents the core source region for the HALIP. Gaina et al. (2014) provided a comprehensive review of geophysical data (including regional gravity, magnetics, and seismic tomography) for the circum-Arctic and summarized the many open tectonic questions for the region. They concluded that the "nature of both the Alpha and Mendeleev ridges remains speculative because extensive volcanism has overprinted and complicated the original geophysical signatures".
Velocity structure of the Alpha-Mendeleev ridge complex
Only three long-offset seismic refraction experiments have been carried out over the Alpha-Mendeleev ridge complex.
During the 1983 CESAR ice-camp operations (Jackson et al., 1985) four reversed refraction lines were acquired over central Alpha Ridge and the flank of Makarov Basin. The resulting velocity structures (Forsyth et al., 1986a,b; Asudeh et al., 1988) show a thin (~0.4 km) low-velocity (1.8 to 2.4 km/s) sedimentary succession overlying a "surprisingly uniform" upper crustal layer (Vp of 5.0-5.2 km/s), increasing to 6.5 km/s at depths of only~8 km. Mid-crustal velocities continue to increase relatively smoothly, reaching values of Vp~7.0 km/s at a maximum depth of~24 km. They also document an anomalous low-velocity (6.8 km/s) mid-crustal block on their "strike" line to explain a time lag in the observed first arrivals. A high velocity lower crustal layer (Vp~7.3 to 7.5 km/s) is documented on two their lines. Highly variable Moho depths (based on Vp velocities exceeding 8.0 km/s) ranged from 24 to 40 km beneath the central Alpha Ridge and 21-25 km beneath the flank of Makarov Basin. The deepest Moho depths correspond with the presence of the high velocity lower crust. These authors concluded that the Alpha Ridge is an Icelandic-type structure generated by mantle plume volcanism within an oceanic rift system.
The Arctic-2000 wide-angle refraction profile across central Mendeleev Ridge (Lebedeva-Ivanova et al., 2006 ) documents a significantly thicker sedimentary succession than the CESAR results. The uppermost (0.1 to 0.7 km thick) (pelagic?) layer-1 has a Vp of 1.7 km/s and overlies two higher velocity semi-consolidated and lithified siliciclastic layers. Vp for layer-2 range from 2.3 to 2.6 km/s and increase in thickness (max. 1.7 km) away from the ridge axis. Vp for layer-3 range from 3.2 to 3.6 km/s with maximum thicknesses of 1.2 to 1.6 km on the "arch of the Mendeleev Ridge" and "western flank" (towards Podvodnikov Basin) and a minimum thickness (0.2 to 0.3 km) on the "eastern slope". It is unclear whether the thicker sedimentary succession documented over the Mendeleev Ridge (N 3.0 km) when compared with the CESAR results over Alpha Ridge (b 0.5 km) is an indication of different (older?) sedimentary processes, or simply a limitation of the resolution of the CESAR refraction data. The crustal structure of the Arctic-2000 line shows a 3.6 to 4.0 km thick upper crustal layer (Vp of 5.0 to 5.4 km/s) overlying a mid-crustal layer (Vp of 5.9-6.5 km/s) with a maximum thickness of 4 km. The lower crust (Vp of 6.7 to 7.3 km/s) is between 19 and 21 km beneath the central Mendeleev Ridge arch, and thins to b 10 km beneath the flanks. A continuous high velocity layer (Vp of 7.4 to 7.8 km/s) is~7 km thick beneath the arch and thins to either side (~5 km thick to the east and~3 km to the west). Lebedeva-Ivanova et al. (2006) interpreted this layer as a crust-mantle 'mixed layer', perhaps the result of underplating. Moho (Vp of 7.9 to 8.0 km/s) reached a maximum depth beneath the central arch. These authors concluded that the Mendeleev Ridge was "composed of continental [crust] that has been substantially altered during the development of the deep Arctic Basin and associated magmatism".
The ARTA transect (Funck et al., 2011) extends from the coast of the Canadian Polar margin onto the axis of the Alpha Ridge. The continental margin is characterized by Vp values ranging from 5.5 to 6.6 km/s with Moho depths (Vp N 8.0 km/s) of~30 km that thins abruptly to a depth of 24 km. The margin is overlain by 2 to 6 km (Paleozoic? and younger) sedimentary successions (Vp of 3.0 to 4.6 km/s). A thin (~1 km) drape of low velocity sediments (Vp of 2.2 km/s) extends from the shelf onto Alpha Ridge. The velocity structure of Alpha Ridge crust is subdivided into three distinct layers. The upper (volcanoclastic) crust (Vp of 4.7 to 5.4 km/s) ranges from 3 to 5 km in thickness. The midcrust (Vp of 6.1 to 6.6 km/s) ranges from 4 to 8 km in thickness. The lower-crust (Vp of 6.8 to 7.3 km/s) ranges from 20 to 24 km in thickness. Unlike the Mendeleev Ridge, a 6 to 8 km thick high-velocity (Vp of 7.5 to 7.6 km/s) "underplated" layer is only identified within the "transition zone" between the continental crust and the Alpha Ridge crust. Moho depths range from 26 to 32 km beneath the Alpha Ridge. These authors concluded that the Alpha Ridge was a volcanic plateau resulting from the "interaction between a plume and a seafloor spreading center".
Several authors have presented velocity structures over the AlphaMendeleev ridge complex from sonobuoy deployments (e.g. Jokat et al., 2013; Chian and Lebedeva-Ivanova, 2015) . Although these data are extremely useful in establishing the regional continuity of the velocity structures, the short offsets (typically b 35 km) are only able to resolve the sedimentary succession and uppermost crustal layers.
The High Arctic Large Igneous Province (HALIP)
A Large Igneous Province (LIP) is defined as a region where a large volume of (generally mafic) magma was generated and emplaced (e.g., Coffin and Eldholm, 1994; Bryan and Ernst, 2008; Ernst and Bleeker, 2010) . Although there are examples where LIPs interact with sea-floor spreading or subduction processes (e.g., Meyer et al., 2007; Camp and Hanan, 2008) , LIPs are considered to result from some other process, frequently attributed to the actions of a hotspot or mantle plume (Sleep, 1990 (Sleep, , 1992 Coffin and Eldholm, 1994; Ernst and Buchan, 2001; Campbell, 2005; Ernst and Bleeker, 2010) . In addition to the surface manifestation of regions with extensive basaltic rock present, LIPs include deeper magmatic plumbing systems including dike swarms, sills, layered intrusions, and deep mafic underplating. The term LIP was not widely used prior to about 1990, but documentation of large volume "hotspot" volcanism dates back to the 1970s. Well known global LIP examples include the Deccan Traps, Iceland, the Siberian Traps, Ontong Java Plateau, Kerguelen, and the Columbia River Basalts (e.g., Coffin and Eldholm, 1994; Ernst and Bleeker, 2010) .
The presence and tectonic importance of inferred hotspot activity in the high arctic was introduced and discussed from the late 1970s to the mid 1990s by a number of authors (e.g., Vogt et al., 1979; Weigand and Testa, 1982; Worsley, 1986; Weber, 1990; Lawver and Mueller, 1994) . To our knowledge, Tarduno (1998) and Maher (2001) were the first to apply the term High Arctic Large Igneous Province (HALIP) to a broad portion of the high Arctic, including the Alpha Ridge and portions of Svalbard and northern Canada. Despite these and many more publications relating or referring to the HALIP, this LIP is not uniformly recognized nor included in all tectonic models of the Amerasia Basin (e.g., see reviews by Scotese, 1990, and Miller et al., 2010) . Gaina et al. (2014) examined the HALIP relative to the paleo-position of the Iceland plume and concluded that the Iceland plume is an unlikely source for the HALIP. They did conclude however that the HALIP was formed, at least in part, above a mantle "plume generation zone" (Torsvik et al., 2006) that provided a possible source.
HALIP rock samples from the Canadian and Eurasian margins
Maher (2001) provides a general summary of sample age ranges and geochemical character for Cretaceous magmatic rocks from various HALIP localities including Franz Josef Land, Svalbard, Northern Greenland, and the Canadian Arctic. The composite age span for these combined localities spans from 140 to 90 Ma with a possible 70 Ma age cited for Northern Greenland and late stage volcanism as late as 65 Ma on the Canadian margin. The Franz Josef, Svalbard, and Northern Greenland samples are from mafic and intermediate dikes, sills, and flows. The Canadian Arctic has the largest sampled region which includes broadly distributed and voluminous flood basalts, sills, dikes, and plutons. Although ages of the volcanic rocks range from early Cretaceous to early Paleogene, three main pulses have been identified (Estrada et al., 2016) : (1) 130 to 115 Ma regional basalt volcanism from the Axel Heiberg area (Embry and Osadetz, 1988) and Ellef Ringnes Island (Evenchick et al., 2015) ; (2) 102 to 95 Ma voluminous basalt flows of the Strand Fiord Formation on Axel Heiberg and surrounding islands (Ricketts et al., 1985; Embry and Osadetz, 1988; Embry, 1991; Estrada and Henjes-Kunst, 2013; Tarduno, 1998; Balkwill, 1983; Evenchick et al., 2015; Osadetz and Moore, 1988; Estrada, 2015) . The first two pulses include associated mafic tholeiitic dikes and sills (e.g. Balkwill, 1978; Embry, 1991; Buchan and Ernst, 2006; Evenchick et al., 2015; Villeneuve and Williamson, 2006; Estrada and Henjes-Kunst, 2013) . The NE-SW trends of these dikes suggest a possible mantle plume centre beneath the Canadian end of the Alpha Ridge (Embry and Osadetz, 1988; Buchan and Ernst, 2006; Døssing et al., 2013) ; (3) 93 to 65 Ma late-stage alkaline, mafic to felsic igneous suites (Estrada and Henjes-Kunst, 2004, 2013; Trettin and Parrish, 1987; Embry and Osadetz, 1988) .
Offshore sampling of the HALIP
Relatively few rock samples have been collected from the AlphaMendeleev ridge complex itself, and of these, only a few published and reliable age dates are available (see locations in Fig. 1 ). The first samples from Alpha Ridge were from the 1983 CESAR ice camp operations (Jackson et al., 1985) . These dredge samples were highly altered and age dating was not possible; however, the bulk geochemistry (Van Wagoner et al., 1986) clearly identified alkalic basalts which "strongly suggests that the Alpha Ridge was not formed by volcanism at an island arc or a mature spreading centre". Morozov et al. (2013a,b) report U-Pb ages of 127 Ma for a drilled sample from the northern Mendeleev Ridge (near Cooperation Gap) and another on southern Mendeleev Ridge with a date of 260 Ma. Jokat et al. (2013) document an Ar-Ar age of 89 ± 1 Ma for a basalt sample (PS051-041-1cc) collected on central Alpha Ridge. Brumley (2014) and Mukasa et al. (2015) report Ar-Ar ages of 112 Ma, 100 Ma and 85-73 Ma for basaltic samples from the Mendeleev Ridge and Chukchi Borderland. These younger ages are in the same general range as the ages of HALIP-related igneous rocks from onshore areas of the Canadian Polar margin (Estrada et al., 2016) .
The apparent long-lived nature (130 to 80 Ma) of igneous activity in the HALIP region is a topic of current discussion and debate (e.g. Mukasa et al., 2015) . Current Arctic tectonic models (e.g. Shephard et al., 2013) include possible complex combinations of LIP and rifting/seafloor spreading as contributors to the origin of the Alpha-Mendeleev ridge complex. In their circum-Arctic review Gaina et al. (2014) characterize an early (130-80 Ma) tholeiitic phase (which they associate with a likely plume source) and a more recent (85-60 Ma) alkaline phase attributed to non-plume volcanism (Buchan and Ernst, 2006; Tegner et al., 2011) .
In summary, basaltic material from high Arctic regions associated with the HALIP (Tarduno, 1998; Maher, 2001; Kingsberry et al., 2014) and from dredge samples of the Alpha and Mendeleev ridges (Andronikov et al., 2008; Mukasa et al., 2009 Mukasa et al., , 2015 Brumley et al., 2013; Petrov et al., 2015) generally show two broad sets of ages, one ranging from about 130 to 120 Ma, and the other from 90 to 80 Ma. Overall the submarine (Alpha-Mendeleev) portion of the HALIP is poorly sampled.
Gravity and magnetic compilations of the Arctic
The gravity data used in this study are from the Andersen et al. (2010) global free air gravity compilation, which combined the Danish National Space Center's DNSC08GRA 1-arcminute global marine gravity (obtained from satellite altimetry) and the EGM2008 5-arcminute gravity anomalies on land (Pavlis et al., 2008) . Gravity anomalies from the Kenyon et al. (2008) Arctic Geoid Model (ArcGP version 06-01) and laser altimetry from ICESat (Zwally et al., 2002) were used to close the polar gap in the satellite coverage.
The magnetic anomaly data used in his study is from the International Polar Year Circum-Arctic Mapping Project (CAMP) compilation .
Marine free air gravity anomaly/onshore Bouguer gravity anomaly
Since the onshore free air gravity is dominated by topographic effects, both terrain and Bouguer corrections were applied using the elevation model obtained from the IBCAO Version 3.0 gridded data set (Jakobsson et al., 2012) . The corrections were derived using a technique to calculate the cumulative effect of 3-D cubes (Nady, 1966; Oakey, 2005) , each with an area of 500 × 500 m and 100 m thick using a crustal density of 2670 kg/m 3 . Ice covered areas were further corrected using the Bamber et al. (2001a,b) ice thickness model for Greenland and the ice thickness model for Arctic Canada of Oakey and Stephenson (2008) ; the ice density was specified as 900 kg/m 3 . Since the topography in the IBCAO compilation has a significantly higher resolution than the gridded gravity data, the calculated (full-resolution) Bouguer correction has a higher frequency content. Pre-filtering (or regridding) of the topography significantly reduces the dynamic range of the elevation values and does not adequately compensate the topographic effects. It was determined that the optimal solution was to compute the full-resolution Bouguer correction and then apply a 24 km lowpass filter (which is slightly larger than the Nyquist frequency of the 5 arc-minute gravity grid) prior to adding to the free air gravity.
Free air gravity anomalies over the Alpha-Mendeleev Ridge ( Fig. 2A ) show an irregular pattern of positive and negative anomalies (±60 mGal) which generally correspond with bathymetric highs and lows. Large free air gravity highs (N 80 mGal) are associated with the Lomonosov Ridge and bathymetric highs over the Chukchi Plateau. Semi-continuous "shelf-edge" gravity highs (in places N100 mGal) extend along the entire length of the Canadian Polar Margin and segments of the East Siberian Shelf. Low amplitude (b−40 mGal) gravity lows extend over most of Canada Basin; however, there is a broad gravity high (~20 mGal) adjacent to Northwind Ridge. Most of Stefansson Basin exhibits positive free-air anomalies (N20 mGal) and there are numerous isolated highs and lows over Nautilus Basin. The Makarov and Podvodnikov basins generally have a negative free air gravity anomaly were used in this study. Featured are the outline of the newly-defined HAMH domain boundary (thick white line); the locations of the three modeled transects (thick black lines) and the 1000 m bathymetric contours (thin black lines). Abbreviated place names are from Fig. 1 . 2A) Marine free air/onshore Bouguer Gravity Anomalies. The onshore portion of the gravity field has been Bouguer corrected using a crustal density of 2670 kg/m 3 and 900 kg/m 3 for ice. 2B) Onshore/offshore Bouguer Gravity Anomalies. A marine Bouguer correction has been applied to remove effects of bathymetric relief. The water column was (numerically) replaced with crustal density rocks (2670 kg/m 3 ) using the bathymetry from the IBCAO Version 3.0 gridded data set. A 1000 km high-pass filter was applied to remove (long-wavelength) isostatic effects. 2C) Total-field magnetics. The magnetic anomalies over the Alpha-Mendeleev ridge complex show high amplitude "chaotic" patterns that extend beneath the sedimentary cover of the Canada Basin and the Makarov-Podvodnikov basins. The "F1 Alpha-Mendeleev LIP" magnetic domain ) (dashed white line) is shown to compare with our new HAMH domain boundary. 2D) Pseudogravity. Pseudogravity (aka magnetic potential) was calculated using a Fourier-domain inversion method which converts the magnetic dipole source to a monopole source. A magnetic field strength of 8.0 A/m was "replaced" mathematically with an equivalent density of 2670 kg/m 3 . The closed contour (isoline) of the pseudogravity covers an area of 1.3 × 10 6 km 2 . The two deeply incised "notches" (L1 and L2) observed in the Canada Basin side of the HAMH isoline boundary correspond with large negative magnetic anomalies (see Fig. 2C ) and may represent areas with reverse polarity remanent magnetization. L3 = pseudogravity low over Nautilus Spur.
(b−40 mGal), although a few locations with a positive anomaly are directly correlated with bathymetric features in these basins.
Marine Bouguer gravity anomaly
The medium and short wavelength free air gravity anomalies are dominated by effects caused by the bathymetric relief (i.e., positive gravity anomalies correlate with bathymetric highs and gravity lows correlate with bathymetric lows). In order to remove these bathymetric effects, a marine Bouguer gravity anomaly was calculated with the IBCAO Version 3.0 compilation using the same technique applied to the onshore free air gravity (described in Section 3.1); however, a shorter high-pass filter was applied (12 km rather than 24 km). The water column (density of 1030 kg/m 3 ) was substituted with crustal density rocks (density of 2670 kg/m 3 ). A 1000 km high-pass Fourier filter was applied to restore (long-wavelength) isostatic equilibrium.
In general, mid-and short-wavelength (b 100 km) residual Bouguer gravity highs can be caused either by basement highs (buried beneath sedimentary cover and therefore not removed by the Bouguer correction) or high density crustal blocks (e.g., dense mafic intrusions in continental crust). The resulting residual marine Bouguer gravity anomalies (Fig. 2B) show a semi-continuous low (− 40 to − 30 mGal) over the Alpha-Mendeleev ridge complex with no significant variation, which implies that there is minimal lateral variability in the density structure (consistent with interpretations of Weber, 1986; Dove et al., 2010) . Pronounced Bouguer gravity lows (b60 mGal) are associated with both the Lomonosov Ridge and the Northwind Ridge, which suggests that the structures include significant thicknesses of low-density (sedimentary?) material. The shelf-edge anomalies along the Canadian Polar Margin and East Siberian Shelf have been significantly reduced, and in some locations eliminated. Longer wavelength (N 100 km) highs can also be produced over sedimentary basins that are not isostatically balanced (i.e. the sediment volume is replacing water rather than crust). The residual shelf-break Bouguer anomalies on the Canadian Polar Margin may represent either thick non-isostatically compensated sedimentary basins or deep high-density basement structures. The residual Bouguer gravity highs (N40 mGal) over the Chukchi, Makarov, Nautilus, and Stefansson basins are interpreted to be the result of nonisostatically compensated sedimentary basins.
Total field magnetic anomaly
The magnetic anomaly data (Fig. 2C) show a distinctive domain of high-amplitude magnetic highs and lows with a chaotic map pattern over the Amerasia Basin, classified by Saltus et al. (2011) as the "Alpha-Mendeleev LIP". Based on more detailed analysis, we have refined the boundaries of this domain which we call the HAMH. Within the HAMH magnetic anomaly values in the circum-Arctic grid range from − 950 to + 1370 nT. The original domain of Saltus et al. (2011) spans an area of 1.5 × 10 6 km 2 with an oblong shape that is roughly 1780 km on the long axis by 885 km on the shorter axis.
Pseudogravity (magnetic potential) -definition of the HAMH
To quantitatively define the boundaries and highlight the longwavelength (and thus deeper) nature of the HAMH we use the pseudogravity transformation. Pseudogravity (also known as magnetic potential; see Blakely, 1995) is an alternate mathematical expression of total-field magnetic anomalies. This transformation is calculated in the Fourier frequency domain as a function of 1/r where r is the wavenumber. The transformation also includes an angular component based on magnetic inclination. The transformation to pseudogravity "simplifies" the resulting field (as compared to the original dipole total-field) in two fundamental ways: (1) the transformation removes the asymmetric dipole effects of geomagnetic latitude on the form of anomaly patterns, and (2) the transformation changes the depth-tosource dependence from distance cubed to distance squared. The transformed field has depth-to-source dependence characteristics similar to that of gravity data (thus the term "pseudogravity").
For regional scale geologic interpretation and modeling, pseudogravity provides a greater emphasis on deeper portions of the crust and on thicker physical property domains versus standard total-field magnetic anomalies. For example, the pseudogravity anomaly resulting from a spherical magnetic source body is a single discrete high centered above the source body. The total-field magnetic expression of the same source body is a combination of magnetic lows and highs in which the relative location and strength of the component highs and lows are dependent on the geomagnetic latitude -the anomaly pattern at high latitude is a central high surrounded by a circular low "moat" whereas the pattern at mid latitudes is skewed so that the low zone is asymmetric and the center of the high is shifted away from the source midpoint. For our study, the geomagnetic pole is within the area, so an average near 90°magnetic inclination value does not produce these "phase-component" artifacts.
As a practical matter, when converting from a total-field magnetic anomaly grid to pseudogravity, the resulting transformation will inevitably include a spurious long-wavelength tilt as a result of the incomplete representation of the longest wavelength total-field anomalies in the original grid (e.g., the ideal transformation would take place at the center of an infinite grid). We remove this spurious trend using a 2000 km high-pass filter. The resulting pseudogravity field is shown in Fig. 2D . The parameters used in calculating the pseudogravity are a "replacement" of a magnetic field strength of 8.0 A/m with a density equivalent of 2670 kg/m 3 . Changing this ratio will affect the resulting pseudogravity amplitude ranges, but is only a linear scalar effect and does not impact the resulting geometry of the HAMH. The pseudogravity representation allows for a robust, repeatable, and quantifiable mapping of the HAMH domain boundary following a pseudogravity isoline (a closed contour around the high values) as shown in Fig. 2D . We describe the geometry of the HAMH boundary in Section 4. In summary: we define the HAMH as a distinctive zone of high amplitude magnetic highs and lows with no single directional pattern that falls within a closed pseudogravity high. The aerial extent of the HAMH (~1.3 × 10 6 km 2 ) encompasses the AlphaMendeleev ridge complex as well as some of the adjoining deep water regions including portions adjacent to the Canada and Makarov-Podvodnikov basins.
Association of the HAMH with the HALIP
We interpret the HAMH as a geophysical manifestation of the voluminous mafic intrusions and extrusions of the HALIP in the region surrounding and including the Alpha-Mendeleev ridge complex. A primary reason for this conclusion is the spatial coincidence of the geophysical domain and the known and inferred extent of LIP igneous geology for the Alpha-Mendeleev ridge complex (e.g., Maher, 2001 ).
We are not the first to associate high-amplitude magnetic anomalies in the high Arctic with LIP volcanism. Weber (1986 Weber ( , 1990 concluded from examination and modeling of gravity and bathymetry from the 1983 "Canadian Expedition to Study the Alpha Ridge" (CESAR), available magnetic profiles, and satellite magnetic anomalies that the Alpha Ridge consists of a relatively homogeneous mafic crust, consistent with a plume (hotspot) origin source as suggested by Forsyth et al. (1986a,b) . We agree with many of Weber's (1986 Weber's ( , 1990 conclusions and, with the benefit of more comprehensive magnetic data coverage and additional geophysical constraints, can model the HAMH with greater detail and confidence. Gaina et al. (2014) cite an overprint of extensive volcanism as a characteristic of the Alpha-Mendeleev ridge complex. It is exactly this extensive component that we seek to characterize.
The "F1" (Alpha-Mendeleev Large Igneous Province -LIP) Domain described by Saltus et al. (2011) was based on a qualitative assessment of high amplitude magnetic anomalies over the Amerasia Basin. The F1 Domain (Fig. 2C) (Figs. 1 and 2) . The revised HAMH boundary shows that (in addition to the Canadian Polar Margin) the Domain extends to onshore Ellesmere Island. The pseudogravity-defined HAMH does not include the high amplitude magnetic anomalies adjacent to Northwind Ridge -indicating that the magnetic sources of these features do not a have a deepcrustal root. The new HAMH Domain now includes a portion of the East Siberian Shelf, which was not part of the Saltus et al. (2011) 
On the Canada Basin flank of the Alpha Ridge, the HAMH boundary has two pronounced embayments: one within Nautilus Basin; the other within Stefansson Basin. These correspond with large negative magnetic lows (L1 and L2). We speculate that these magnetic lows are over non-magnetic (continental?) crustal blocks or possibly areas with reversed remanent magnetization. In the same context, another pseudogravity low over the Nautilus Spur (L3) may also be sourced by a block of non-magnetized (or negatively magnetized) crust.
Geophysical transects of the Alpha Ridge
To investigate the crustal structure of the HALIP we have constructed 2-D forward gravity and magnetic models constrained by depth interfaces from seismic interpretations, velocity/density functions from sonobuoy analysis and wide-angle seismic refraction profiles.
In constructing these geophysical block models, we follow a minimalist philosophy (i.e., to use as few discrete bodies as possible to match the broad gravity and magnetic anomalies). The initial geometry of each model was constructed with the known seismic constraints along each transect. The models were extended over 500 km on either side to prevent edge effects in the calculated gravity and magnetic values. Density values were assigned to each block (see Section 5.1), and the model geometry was first modified to fit the gravity data since the bulk densities of the rock units are better constrained and large-scale changes are required to affect the long wavelength component of the gravity field (e.g. depth to Moho). Once an initial gravitydefined crustal geometry was developed, magnetization values were assigned to the model blocks, first assuming a simple induced magnetization with the geometry of the blocks defined by the gravity model, and then adding remanent magnetization as required. A magnetic field value of 57,500 nT, with a magnetic inclination of 90°and a declination of 0°(since we are close to the geomagnetic pole) were used for all models. Several iterations were made for each model until a geologically realistic solution was obtained. Gravity and magnetic modeling was carried out using GM-SYS (PRO)™ v.4.10.
Velocity-density conversion
As there are no deep-water drill holes in this part of the Arctic region, rock densities were assigned using sonobuoy interval velocities and an empirical velocity-density relationship of laboratory sample measurements (Ludwig et al., 1970) .
This relationship is consistent with published (Vp) velocity-density values for basalts (e.g. Christensen, 1976 Christensen, , 1977 Christensen et al., 1974 Christensen et al., , 1979 Christensen et al., , 1980a Salisbury and Christensen, 1976; Schreiber and Fox, 1977) , serpentinites (e.g. Christensen, 1966 Christensen, , 2004 Courtier et al., 2004) and dredge samples collected from the USCGS Healy in 2009 (Salisbury, pers. comm., 2014) . Although the 2009 USCGS Healy dredge samples were highly altered, and the measured Vp velocities were anomalously low for the respective lithologies (Salisbury, pers. comm., 2014) , their Vp-rho relationships do fit the Ludwig et al. (1970) curve. The large range of Vp values for serpentinites (4.6 to 8.4 km/s) reflects the degree of alteration of the original mineralogy (e.g. olivine). The highest values represent 0% alteration and the lowest represent 100% alteration. Vp values for basalts range from 4.6 to 7.2 km/s and cannot be uniquely distinguished from serpentinized ultramafic rocks. For our gravity modeling, prior lithological interpretation is not required as all lithologies follow the same Vp-rho relationship. We only need Vp constraints to reasonably assign appropriate density values.
In Fig. 3 we show the Ludwig et al. (1970) Vp-density plot overlain with the basalt, serpentinite, and Healy dredge sample data mentioned above. The colour coding is the same as shown in the (Figs. 5 and 6 ) model results. For clarification, the velocity-density intervals have been summarized in Table 1 .
Magnetization
Modeling the magnetic sources for the HAMH requires some ad hoc assumptions since there are no independent measurements of the deep magnetic properties of the high Arctic crust (i.e., no deep drill holes). Dredge samples collected aboard the USCGS Healy in 1990 on the northern portion of the Chukchi Plateau recovered six basalt samples (see Fig. 1 for locations). Although these samples are not within the HAMH domain, they provide some constraints on the magnetization of the Fig. 3 . P-wave velocity/density relationship for gravity modeling. P-wave velocities from wide-angle seismic lines (Forsyth and Mair, 1984; Forsyth et al., 1986a,b; Funck et al., 2011) and sonobuoy stations (Chian and Lebedeva-Ivanova, 2015) were used to assign density values for the gravity modeling based on an empirical relationship with velocities (Ludwig et al., 1970 ) (grey dots). This relationship is compared with published velocity-density values for basalts (e.g. Christensen, 1976 Christensen, , 1977 Christensen et al., 1974 Christensen et al., , 1979 Christensen et al., , 1980a Salisbury and Christensen, 1976; Schreiber and Fox, 1977) (black diamonds), serpentinites (e.g. Christensen, 1966 Christensen, , 2004 Courtier et al., 2004) (grey squares) and dredge samples collected from the USCGS Healy in 2009 (Salisbury, pers. comm; yellow dots).
regional volcanic rocks. The susceptibility values for these samples ranges from 27 to 142 × 10 −3 SI units (median value of 63 × 10 − 3 ) (Salisbury pers. comm., 2014) , fairly typical for basalts, and suggest that extremely high (induced) magnetization for a shallow and thin magnetic layer is not the cause of the high magnetic amplitudes within the HAMH. The Cretaceous igneous rocks collected from the Canadian Polar Margin (Estrada et al., 2016) show a significant range of the magnetic susceptibility values. Rock samples from the Wooton Intrusive Complex vary between 0.7 and 68 × 10 −3 SI units, and from the Hansen Point
Volcanic Complex between 0.4 and 61 × 10 −3 SI units.
To match observed anomaly amplitudes the magnetic models required some very high bulk magnetization values (N250 × 10 −3 SI).
Since these values exceeded the range of susceptibility measurements cited above, we included a combination of induced and normal remanent magnetization for some of the modeled magnetic bodies.
Simplified cross section/geologic cartoon (A1)
Transect A1 (Fig. 4) is a~1600 km, gravity/magnetic cross section model that extends from the Canada Basin, across the Alpha Ridge, through the Makarov Basin to the Lomonosov Ridge (Figs. 1 and 2 ). For this model we take a generalized approach to demonstrate that a simplified source-body geometry is capable of matching the firstorder features of the gravity and magnetic anomalies.
We model a simplified crust as a single layer with a density of 2800 kg/m 3 and a higher-density (3000 kg/m 3 ) beneath the Alpha Ridge. A 5-layer density model (water, sedimentary rocks, crust, crustal root, mantle) fits the free air gravity anomaly reasonably well (Fig. 4B) . The shorter wavelength variations result simply from the bathymetric variations (i.e., the lateral density contrast of crustal rocks with water). The generally lower free air gravity over the Canada Basin results from the lateral density juxtaposition of oceanic sedimentary rocks with crystalline crustal rocks. The broad gravity swell over the Alpha Ridge is caused by the combined high of the long wavelength component of the Alpha Ridge with a compensating low caused by the crustal root. We fit the magnetic anomalies (Fig. 4A ) using a set of crustal blocks with varying magnetic intensities (a combined effect of induced and remanent magnetization). The magnetic data was upward continued by 10 km to emphasize bulk crustal features at the expense of noisy shallow variations. We chose to fix the top of these blocks to the top of the crystalline crust, fixed the magnetic intensity based on the overall amplitude of the magnetic anomalies in that zone, then inverted for the bottom geometry of the blocks. Of particular note is the presence of a source body with reverse polarity magnetization (−60 SU) corresponding to the large "Nautilus Spur" magnetic low between 600 and 750 km along the modeled transect (Fig. 4C ). This magnetic low cannot be produced without reversed remanent magnetization. The tectonic implication is that the emplacement of this portion of the HALIP volcanics ranged over a time period which included a magnetic polarity reversal. The resulting geologic model (Fig. 4D) is a conceptual illustration of the portion of the crust affected by a deep crustal dike and sill emplacement related to the HALIP. The highly magnetic blocks reflect the bulk effects of intruded and underplated mafic and ultramafic material related to the LIP event and support the interpretation that the total vertical dimension of intrusive/extrusive material in the upper crust ranges from about 5 to 10 km.
"Coupled" 2D modeling
An alternative method for modeling the gravity and magnetic anomalies is to use laterally continuous source-body layers with uniform density and magnetization values. Modeling is done by modifying the geometry of the layer interfaces to simultaneously fit both the observed gravity and magnetic anomalies. P-wave refraction velocities were used to constrain the assigned density values of the modeled layers (as defined by the Vp-rho relationship). Magnetization values assigned to each layer were modified experimentally to best fit the amplitudes and wavelengths of the observed magnetic anomalies. Since the gravity and magnetic fields obey different wavelength dependent depth-tosource relationships (1/r 2 for gravity and 1/r 3 for magnetics), the different wavelengths of the observed data provide some constraints on the depths that modifications can be made to the model. This "coupled" approach minimizes the necessity of assigning arbitrary (and unconstrained) physical properties to the source bodies.
Axial profile (A2)
Transect A2 (Fig. 5 ) is a~1200 km long profile extending from Axel Heiberg Island on the Canadian Polar margin along the long bathymetric axis of the Alpha Ridge. The near shore section of the profile coincides with the~360 km long seismic refraction line of the ARTA experiment (Funck et al., 2011) . Since this model is constrained by a large number of seismic receiver stations (with an average spacing of 1.4 km), it has a complex crustal geometry. A simplified version of the gravity model of Funck et al. (2011) was incorporated in our model. Moho depths from the CESAR "strike-line" seismic refraction profile (Asudeh et al., 1988) were used as preliminary constraints for the central portion of the model (~500 to 700 km). Sonobuoy velocities from Jokat et al. (2013) and Chian and Lebedeva-Ivanova (2015) were used to constrain the upper crustal density structure at the distal end of the profile. The A3 "cross-line" model intersects at~820 km.
Over the continental platform and nearshore portion of the transect (0 to 300 km) the magnetic anomalies (Fig. 5A ) have low amplitudes (−200 to +50 nT; typical of continental crust). High amplitude magnetic anomalies (−500 to 1500 nT) are observed along the entire length of the Alpha Ridge portion of the transect (within the HAMH).
Free air gravity anomalies along the A2 transect (Fig. 5B ) are highly variable, with amplitudes ranging from~− 25 to + 70 mGal. A mean gravity anomaly of~+25 mGal suggests that the ridge is not in local isostatic balance (i.e., the crust has significant structural rigidity and isostatic support is distributed regionally).
Individual free air gravity highs correlate closely with bathymetric highs along this profile. The Bouguer corrected gravity removes most of the bathymetric correlation; however, a significant broad residual low Bouguer anomaly over the central portion of the profile (~−25 mGal) could indicate relatively lower deep crustal densities which could contribute buoyancy to regional isostatic compensation.
The continental portion (left side) of the model (Fig. 5C ) includes a 2900 kg/m 3 lower crust and 2800 kg/m 3 upper crust. A mid-crustal moderately magnetic layer (5 × 10 − 3 SI) was required to fit the observed magnetic anomalies (Fig. 5D ). Medium density (2500 kg/m 3 ) (Paleozoic and Mesozoic?) and (2400 kg/m 3 ) (Cenozoic?) nonmagnetic sedimentary successions extend off the continental platform onto the slope regions of the margin. Adjacent to the continental platform, the crust is modeled with a lower (2900 kg/m 3 ) non-magnetic layer and an upper (2600 kg/m 3 ) (Taylor et al., 1986) , all of the Alpha Ridge crust was considered magnetic. Most of the lower crustal layer was assigned moderate magnetization values (25 × 10 −3 SI) with no Moho depths for the continental platform are 30 to 34 km and shallow abruptly to a minimum of~28 km at the inner edge of the "transitional zone". Modeled Moho depths range between 28 and 35 km for most of the Alpha Ridge, with the deepest values (ca. 800 km) coincident with the position of the lower crustal magnetic root.
Alpha Ridge cross-line (A3)
The Alpha Ridge cross-line transect model (A3) is~1400 km long and extends from the Canada Basin to the Amundsen Basin (Fig. 6) . The crustal geometry of the Lomonosov Ridge is constrained by the LOREX seismic refraction line (Forsyth and Mair, 1984) . The geometry of the upper crustal portion of the Alpha Ridge adjacent to the Canada Basin (ca. 0 to 450 km) is constrained by seismic reflection data collected by joint Canada/U.S. icebreaker operations (Mosher et al., 2009) . Refraction seismic velocities from seven sonobuoy stations (Chian and LebedevaIvanova, 2015) coincident with the seismic line were used to define the density values in the modeling. Although Chian and Lebedeva-Ivanova (2015) report Mantle reflection (PmP) and refraction (Pn) arrivals from some of the sonobuoy stations on the Canada Basin flank of Alpha Ridge, the quality of these deep arrivals is poor, and their Moho depth estimates (16 to 17 km) were used only as initial constraints in our models. The Axial transect model (A2) intersects at~840 km.
For the entire extent of the Alpha Ridge cross-line, large amplitude (~−450 to +650 nT) magnetic anomalies (Fig. 6A ) are observed. The largest amplitudes are between ca. 700 and 1050 km and correspond with the maximum values of the calculated pseudogravity at the axis of the Alpha Ridge.
The free air gravity anomalies along the A3 transect (Fig. 6B ) are smaller on the Canada Basin flank of the Alpha Ridge (between ca. 100 and 400 km) with values ranging from~−5 to +10 mGal. A zero mean value for this portion of the transect is consistent with local isostatic equilibrium. Between ca. 700 and 1050 km, the free air gravity anomalies have a much higher amplitude range (~−20 to +50 mGal) and a mean value of~+15 mGal, which suggests that the central (axial) portion of the Alpha Ridge has significant structural rigidity (with regional isostatic compensation). A large free air gravity high (~70 mGal) is coincident with this portion of the Lomonosov Ridge. Similar to the Axial transect (A1), individual free air gravity highs correlate with bathymetric highs, which are (mostly) removed by the Bouguer correction. There are two notable exceptions: at~400 km (over Nautilus Spur) and at~1250 km (over Lomonosov Ridge). In both cases, the Bouguer correction (using 2670 kg/m 3 ) overcompensates, suggesting that the bathymetric highs consist of lower density material. (Fig. 6C) . Both the mid-crustal and upper crustal layers required high magnetization values (85 × 10 − 3 SI induced and 7 A/m remanent). The lateral extent of these highly magnetic layers corresponds with the HAMH defined by the pseudogravity. The (combined) mid-and upper-crustal layers of the Alpha Ridge range from~5 to 8 km and are thickest on the Canada Basin flank. Most of the lower crustal layer (LC1) was assigned moderate magnetization values (25 × 10 −3 SI induced) (Fig. 6D) ; however, the uppermost 6 to 8 km (LC2) required high magnetization values (both 85 × 10 −3 SI induced and 7 A/m remanent). The model shows a large variability in interface depths between LC1 and LC2 beneath Nautilus Spur -i.e. large (deep) lateral magnetization contrasts are required to fit the amplitudes and wavelengths of the observed magnetic anomalies. This could alternatively be modeled with localized source-bodies having either extremely high magnetization or reversed remanent magnetization. We preferred to maintain a simple approach and minimize the variability in the physical properties of the source bodies. In detail, the model is only able to identify that there is a complex magnetization structure and cannot resolve internal compositional and structural detail. Whether this layer is a persistent feature beneath Alpha Ridge is unknown and would require supporting refraction seismic data to include in the modeling.
The maximum modeled Moho depth beneath the Alpha Ridge (~31 km) is at ca. 880 km, approximately at the intersection with the (A2) Axial transect. Moho depths shallow towards the Makarov Basin to a minimum depth of~12 km. Towards the Canada Basin, Moho depths shallow (but much more gradually) to a depth of~23 km at ca. 500 km. There is a notable "crustal root" beneath the Nautilus Spur, where a local Moho depth of~26 km is calculated. The minimum Moho depth at the base of Alpha Ridge lower crustal layer (LC1) is 18 km at ca. 300 km. Moho depths at the base of the underplated layer (on the Canada Basin flank of Alpha Ridge) are between~12 and 16 km -slightly less than the 16 to 17 km depth estimates from the sonobuoy data (Chian and Lebedeva-Ivanova, 2015) . Figs. 1 and 2 ). Synthetic profiles of bathymetry (Jakobsson et al., 2012) ; free air gravity (Andersen et al., 2010) and magnetic anomalies were extracted from the published grids for the modeling. 5A shows the observed and calculated magnetic anomalies and the pseudogravity anomaly (green line). 5B shows the observed and calculated free air gravity anomalies and the marine Bouguer anomaly (blue line). 5C shows the geometry density parameters used in the gravity modeling. 5D shows the geometry magnetization parameters used in the magnetic modeling. The locations of the wide-angle refraction seismic constraints are shown on panel 5C (ARTA: Funck et al., 2011; CESAR, Asudeh et al., 1988) . Also shown are the sonobuoy station positions (yellow squares from Jokat et al., 2013; yellow dot from Chian and Lebedeva-Ivanova, 2015) and the intersection location of the A1 model. CPM = Canadian Polar Margin; LC1 = moderately magnetized lower crust; LC2 = highly magnetized lower crust.
Summary of the geophysical transects: volume of the HALIP
For the detailed Axial (A2) and cross-line (A3) models (Figs. 5 and 6), we show that the Alpha Ridge can be modeled with a simple three-layer crustal structure. Although there are minor differences in the geometries of the A2 and A3 models where they cross, we believe this to be an inherent limitation of 2-D modeling of 3-D structures.
Very high magnetization values were needed for upper portions of the lower crust (LC2), as well as the mid-and upper-crustal layers.
Since the values needed in the models exceeded typical susceptibility values of volcanic rocks, we concluded that there was a significant component of normal remanent magnetization. Emplacement of the bulk of the Alpha-Mendeleev volcanic complex during the C-34 Cretaceous "super-chron" (124 to 84 Ma) would explain the persistence of normal polarity remanent magnetization. Evidence of reverse-polarity remanent magnetization beneath Nautilus Spur (on model 3) suggests that volcanism may have spanned a longer time range to include times before and/or after chron C-34.
The 2900 kg/m 3 mid-crustal and 2600 kg/m 3 upper-crustal layers are interpreted as the combined effect of sills, dikes, and flows resulting from a (plume-sourced) LIP intrusion. Assuming that the (combined) thickness of the mid-and upper-crustal layers (5 to 10 km) is representative over the entire HAMH (and the aerial extent of 1.3 × 10 6 km 2 ) a volumetric estimate of (at least) 6 × 10 6 km 3 is calculated for the volcanic upper crust. The thick 3000 kg/m 3 lower crustal layer is interpreted as a composite of the protolithic crust and deep (ultramafic) plutonic intrusions related to a mantle plume. The density of 3000 kg/m 3 is atypical of either oceanic or continental crust. If we assume an oceanic protolith (with a density of 2900 kg/m 3 ), the ultramafic component (density of 3100 kg/m 3 ) represents~50% of the layer by volume. Using our modeled thickness of the lower crust as typically over 20 km, the original oceanic protolith would have been~10 km thick -reasonable for typical oceanic crust. If instead we assume a continental protolith (with a density of 2800 kg/m 3 ) the resulting ultramafic intrusive volume exceeds 65% and implies an original crustal thickness of~7 kmconsistent with estimates of "hyper-thinned" continental crust within Canada Basin (Chian et al., 2016) . Using the aerial extent of the HAMH and a range of 50% (oceanic protolith) to 65% (continental protolith) volcanic intrusive content within the (~20 km thick) lower crust, we calculate volumetric estimates of between 13 × 10 6 and 17 × 10 6 km 3 . Although the ARCTIC2000 refraction line (Lebedeva-Ivanova et al., 2006) identified the presence of high-velocity underplating beneath the Mendeleev Ridge, our models do not include a broadly distributed (high density) underplated volcanic crustal layer beneath Alpha Ridge. As such, a volumetric estimate of the underplated material is difficult to make.
In summary, we estimate the total volcanic component of the Alpha-Mendeleev portion of the HALIP to be between 19 × 10 6 km 3 and 23 × 10 6 km 3 .
Comparison of the HAMH magnetic anomalies and pseudogravity with global analogs
The magnetic anomalies and pseudogravity of four global LIPs are shown in Fig. 7 to illustrate analogs for the HAMH. Although there are many other possible global analogs, these examples have been chosen in part because of their geological variability, and because of the adequate quality of regional magnetic coverage (necessary for calculating pseudogravity). Magnetic data for the Siberian Traps and Kerguelen Plateau are from the global EMAG2 compilation (Maus et al., 2009 ). The magnetic data for the Columbia Flood Basalts are from the North American NAMAG compilation (Bankey et al., 2002) . Magnetic data for the North Atlantic Igneous Province are from the Atlantic-Arctic GAMMAA5 Verhoef et al. (1996) compilation.
Siberian Traps
The Siberian Traps are a large volcanic complex in central and northern Siberia consisting of early Triassic extrusive and intrusive basalts (Fig. 7A) . The central extrusive flood basalts cover an area of 7 × 10 5 km 2 . Extensive dikes and sills intruded the regional Paleozoic successions and are exposed in a broad area around the central extrusive complex. Also, outliers of extrusive flood basalts are exposed to the south in the Kuznetsk Basin, and to the west at Vorkuta at the northern end of the Ural Mountains. Structurally emplaced basalts also outcrop along the southern edge of the Taimyr Peninsula. To the west of the central extrusive complex, basalts have been sampled from several wells below the Mesozoic and Cenozoic strata of the West Siberian Basin and isolated volcanic centers correlate with the geometry of major extensional fault systems within the basin (Reichow et al., 2009 ). The total area of the Siberian Trap volcanic province exceeds 5 × 10 6 km 2 . The magnetic anomalies over the central extrusive complex (Fig. 7A ) have moderate amplitude high frequencies with a general chaotic character, similar to the HAMH. This pattern does not continue over the "intrusive rim" surrounding the central complex. Surprisingly, considering the large aerial extent and volume of the flood basalts, the pseudogravity anomaly high is localized only within the middle of the central complex. This suggests that the deep crustal portion of this complex has a limited extent. Over the West Siberian Basin, elongated magnetic highs correlate closely with the fault-bounded centers of the mapped volcanics. There pseudogravity shows large areas of positive amplitudes, suggesting that the aerial extent of the concealed volcanics within the basin may be much larger than the mapped exposures.
Columbia River flood basalts
The Neogene Columbia River Flood Basalt Province of Pacific Northwest United States covers an area of~2.2 × 10 5 km 2 (Fig. 7B) . The province is broadly subdivided into the Oregon Plateau and the Columbia Basin. The southern edge of the province is coincident with the Snake River Plain which follows the Yellowstone mantle plume hotspot track. Although volcanism related to this system started initially in the southern Oregon Plateau, the Columbia Basin became the ultimate epicenter of the flood basalts with a maximum thickness of over 4 km (Reidel et al., 2013) . Similar in character to the Siberian Traps, the short-wavelength magnetic anomalies over the central extrusive complex have moderate amplitudes with a chaotic character. From the magnetic character alone, there is little difference between the anomalies within the Columbia Basin and Oregon Plateau; however, the calculated pseudogravity values are significantly different. The large positive pseudogravity high over the Oregon Plateau (suggesting a deeper crustal root) extends much further west of the Oregon Plateau and corresponds with a deep magnetic source. The Snake River Plain "hot-spot track" corresponds with a linear belt of short wavelength positive magnetic anomalies and a linear pseudogravity high. This is expected since the plume source would presumably have influenced the entire thickness of continental crust.
North Atlantic Igneous Province
The North Atlantic Igneous Province (NAIP) includes widespread early Tertiary continental flood basalts and seaward-dipping flows Figs. 1 and 2 ). Synthetic profiles of bathymetry (Jakobsson et al., 2012) ; free air gravity (Andersen et al., 2010) and magnetic anomalies were extracted from the published grids for the modeling. 6A shows the observed and calculated magnetic anomalies and the pseudogravity anomaly (green line). 6B shows the observed and calculated free air gravity anomalies and the marine Bouguer anomaly (blue line). 6C shows the geometry density parameters used in the gravity modeling. 6D shows the geometry magnetization parameters used in the magnetic modeling. The locations of the seismic reflection data (LSSL line Mosher et al., 2009) , the sonobuoy seismic refraction stations (Chian and Lebedeva-Ivanova, 2015; yellow dots) , and the LOREX wide-angle seismic line (Forsyth and Mair, 1984) are shown on panel 6C. The intersection location of the A2 model is also shown. AB = Amundsen Basin; CB = Canada Basin; MB = Makarov Basin; NS = Nautilus Spur; LC1 = moderately magnetized lower crust; LC2 = highly magnetized lower crust. Fig. 7 . Global LIP analogs (magnetic anomaly and pseudogravity). Comparison of magnetic anomaly patterns and pseudogravity of four global LIPs. Data sources are listed for each region. Pseudogravity was calculated using the same parameters as the HAMH. All maps are plotted at the same scale and use the same colour palettes as Fig. 2C and D. 7A) Siberian Traps. Magnetic data of the Siberian Traps region are from the global EMAG2 compilation (Maus et al., 2009) . The outline of the extrusive complex (CEX; thin white lines) and edges of the Mesozoic-Cenozoic basins (dotted black lines) are from the International Polar Year circum-Arctic digital geology compilation (Harrison et al., 2011) . The aerial extent of the Siberian Traps (thick white lines), structural elements (thin black lines) within the West Siberian Basin (WSB), and distribution of buried volcanics (dashed white lines) within the WSB are adapted from Reichow et al. (2009) . The northern offshore extension of the Siberian Traps province is speculative. 7B) Columbia River Flood Basalts. Magnetic data covering the Columbia River Flood Basalt Province are from the NAMAG compilation (Bankey et al., 2002) . The outline of the volcanic province (thick white line) is adapted from Reidel et al. (2013) . A simplified outline of the Snake River Basin (SRB) (dotted white line) corresponds with the Yellowstone hot-spot track. The Columbia River Flood Basalt Province is subdivided into the southern Oregon Plateau (OP) and the northern Columbia Basin (CB). 7C) North Atlantic Volcanic Province (NAIP). Magnetic data for the Icelandic region of the North Atlantic is from the Verhoef et al. (1996) GAMMAA5 compilation. The outline of the NAIP (thick white line) is based (primarily) on the calculated pseudogravity anomaly and includes the onshore exposures of Cenozoic volcanics from the geology map of Greenland (Escher and Pulvertaft, 1995) and estimates of the extent of volcanics in the offshore areas off East Greenland and the European margin (Coffin and Eldholm, 1994) . The 1000 m bathymetric contours are shown (thin black lines). GFR = Greenland-Faeroes Ridge; GP = Geikie Plateau; IC = Iceland; JM = Jan Mayen micro-plate; VMH = Vøring Marginal High. 7D) Kerguelen Plateau. Magnetic data for the Kerguelen Plateau region are from the global EMAG2 compilation (Maus et al., 2009) along the conjugate East Greenland and European margins (Fig. 7C) . Excess volcanism is attributed to the influence of the Iceland Plume (e.g., Foulger, 1988; White, 1989; Clift et al., 1995) , which maintained (approximately) a position coincident with the oceanic spreading ridge and formed the Greenland-Faeroes Ridge during the opening of the North East Atlantic. Lundin and Doré (2005) , however, argue that a fixed plume (relative to the Earth's core; Müller et al., 1993) is inconsistent with producing the age-symmetry of the Greenland-Faeroes Ridge and that "hotspot drift" exactly matching the position of the oceanic spreading ridge is unlikely. The aerial extent of the North Atlantic volcanic province (including Iceland and the Greenland-Faeroes Ridge) exceeds 1.3 × 10 6 km 2 (Coffin and Eldholm, 1994) .
At the northern extent of the NAIP isolated high amplitude magnetic anomalies on the Northeast Greenland shelf, the Jan Mayen Microplate and the Vøring Marginal High off the Norwegian coast correspond with positive pseudogravity anomalies. High amplitude short-wavelength magnetic anomalies and a large positive pseudogravity anomaly associated with the Greenland-Faeroes Ridge implies a deep source. Despite extensive flood basalts on the Geikie Plateau, there are no high amplitude short-wavelength magnetic anomalies or positive pseudogravity anomaly in that region suggesting a thin or absent crustal root.
Kerguelen Plateau
The Kerguelen Plateau (Fig. 7D ) in the southern Indian Ocean is defined primarily as a large regional bathymetric high. The plateau is considered a fragment rifted from the Gondwana supercontinent (125-100 Ma ago; Nicolaysen et al., 2000; Frey et al., 2000) that was later influenced by mantle plume volcanism (Bascou et al., 2008) . Drill cores from OPD leg 183 recovered tholeitic basalts from the southern portion of the plateau and alkali basalts from the central plateau with age dates ranging from 109.5 to 114 Ma (Whitechurch et al., 1992) . All samples had large geochemical and isotopic variations, suggesting continental crustal contamination. Garnet-biotite gneisses were sampled from Elan Bank confirming the presence of continental crust within the plateau. Upper Paleogene to Quaternary intrusive flood basalts and alkaline volcanic complexes are exposed onshore in the Kerguelan Islands indicating active (plume related) volcanism. The areal extent of the Kerguelen Plateau is over 1.3 × 10 6 km 2 .
There is a large short wavelength positive magnetic anomaly pattern over most of the plateau, except northwest of the Kerguelen Islands where there is a magnetic low. The northwest-southeast magnetic lineations northeast of the plateau are seafloor spreading anomalies. The northeast-southwest magnetic lineations southwest of the plateau are possible gridding artifacts in the EMAG2 compilation. Very large high amplitude positive pseudogravity characterizes most of the plateau implying a deep crustal root. There is no positive pseudogravity northwest of the Kerguelan Islands which may mean that the extent of the volcanics does not include all of the bathymetric high, or that they have strong reverse remanence. A large positive pseudogravity anomaly west of Elan Bank may represent a continuation of the volcanic province beyond the bathymetric expression.
Overview of LIP comparisons
Our comparisons of the HAMH with magnetic analysis of the global LIP analogs show many similarities. All are generally characterized by high amplitude "chaotic" magnetic anomalies; however, there is a significant variability in the pseudogravity anomalies, which are interpreted to be the result of differences in the depths of the "magnetic root". Continental flood basalt provinces do not exhibit a large positive pseudogravity anomaly over the entire LIP area, which implies that despite the large volumes of extruded volcanics, the "deep plumbing" of the magnetic sources are localized mid-and lower-crustal features. Both continental and oceanic plume tracks show a positive pseudogravity anomaly signature (implying deep crustal extent). Of the four analogs we have presented, the Kerguelen Plateau shows the closest similarity of the size and character of the magnetic and pseudogravity anomalies of the HAMH.
Implications for arctic tectonics/geodynamics
LIPs have been correlated with global-scale events including sealevel rise and mass extinctions (e.g. Sobolev et al., 2011) . Stratigraphic sections throughout the Arctic (Fig. 8) show significant unconformities at approximately 130 Ma and 85 Ma (Embry, 1989; Houseknecht and Bird, 2011; Hegewald and Jokat, 2013) . As discussed in Section 2.1, volcanics from high Arctic regions associated with the HALIP (e.g. Tarduno, 1998; Maher, 2001; Andronikov et al., 2008; Mukasa et al., 2009 Mukasa et al., , 2015 Brumley et al., 2013 , Kingsberry et al., 2014 Petrov et al., 2015) show two main pulses of magmatism, one ranging from about 130-120 Ma, with a peak age at about 125 Ma (Corfu et al., 2013) , and a younger episode from 90 to 80 Ma. Ernst and Bleeker (2010) point out the correlation and apparent causality of LIP initiation with tectonic breakup events and speculated that the circa 130 Ma initiation of the HALIP marks the initiation of the Amerasian Basin. Gaina et al. (2014) noted that the HALIP region was "potentially aligned with a favorable mantle plume source region at 130 Ma".
We find it difficult to understand how a single plume-related event would have had a 30 Ma hiatus in volcanism, and consider instead that the HALIP may have resulted from a multi-stage history of formation, consistent with the two sequence boundaries: the first phase involving the interaction of a mantle plume and the second with other tectonic or mantle events (e.g., convection), as suggested by several authors (e.g. Shephard et al., 2013; Lobkovsky, 2015; Saltus and Oakey, 2015) . A multi-stage history has also been suggested for the Columbia Plateau (Hales et al., 2005) . Based on the (limited) age-dated samples, volcanism on the Mendeleev Ridge is much older (260 Ma to 127 Ma; Morozov et al., 2013a,b) than the Alpha Ridge and Chukchi Borderlands (112 to 73 Ma; Jokat et al., 2013; Brumley, 2014; Mukasa et al., 2015) . Whether there is a systematic (spatial) age distribution of volcanism or whether the two phases of volcanism overlap cannot be resolved with the existing data and more in-situ (i.e. drilling) samples are needed.
Fundamental questions remain regarding the crustal character of the Alpha-Mendeleev region prior to formation of the HALIP. Was the HALIP intruded into an existing oceanic or continental plate, or was it formed in a mid-ocean ridge setting?
Several lines of evidence suggest that the Alpha-Mendeleev region formed, at least in part, above sea level. Weber (1990) speculated, based on isostatic and thermal cooling considerations, that the Alpha Ridge was at least 1 km above sea level upon formation. Numerous authors (e.g., Embry, 1989; Midtkandal and Nystuen, 2009) , have cited the need for a central Arctic sedimentary source region (termed "Crockerland" by Embry) for Cretaceous and later sedimentary sequences around the Arctic margins.
Assuming a single mantle plume model for the origin of the HALIP, our volume estimate for the source of the HAMH would form a sphere (plume head) with a diameter of about 300 km. By comparison with volumetric estimates derived for the Reunion (Deccan Traps) and the Iceland (North Atlantic Igneous Province) hotspots, we should expect a basal temperature differential of 200-250°C (Sleep, 1990) and an energy flux into the base of the crust of 1-2 MJ/s (Sleep, 1990) . The heat flux of this magnitude would raise the steady-state crustal conductive geotherm by at least 4 mW/m 2 . This amount of heat input would cause a thermal change in both lithospheric mantle and crustal density and, along with the buoyancy effect of the hot asthenospheric material, would cause a broad surface uplift of at least 1 km for about 10-20 Ma following plume head arrival (consistent with estimates for the Reunion Hotspot; Sleep, 1990) . Analysis of sonobuoy velocity profiles throughout the Canada Basin (Chian and Lebedeva-Ivanova, 2015; Chian et al., 2016) suggests that only a relatively small central portion of the Canada Basin has crustal velocity profiles consistent with "normal" oceanic crust. They (Chian et al., 2016) interpret the Canadian Basin margin of the Alpha-Mendeleev ridge complex as "transitional" crust with high lower crustal velocities consistent with mantle serpentinization or deep mafic underplating of originally continental crust. This result suggests that the Canada Basin portion of the HALIP may have a continental protolith.
We further support the position that the Alpha Ridge was the result of the HALIP largely or completely intruding into continental crust. Our gravity/magnetic/bathymetric crustal cross section models are consistent with (but not absolutely diagnostic of) originally continental crust that has been massively intruded (and locally underplated) by LIP-related mafic material. In our interpretation the magnetic anomaly patterns of the HAMH are primarily related to the HALIP and it is difficult to "see through' the HALIP-related patterns to discern any prior crustal character. The relatively small Bouguer corrected gravity anomalies for the HAMH region, are consistent with a generally homogenous bulk crustal density which we attribute to the pervasive influence of the HALIP-related intrusions. Again, similar to the magnetic situation, it is difficult to see past the HALIP influence to reconstruct the gravity expression of the pre-existing crust. If the HALIP region was originally sub-aerial as inferred by some authors (e.g., Weber, 1990) , it implies, even with the~1 km thermal uplift expected, that the pre-HALIP crust was at or near sea level, consistent with a protolith of continental crust.
Conclusions
Recent international scientific interest has resulted in an unprecedented amount of new geophysical and geological data acquisition in the Arctic. With the increasing availability of large-scale public domain data compilations (e.g. Verhoef et al., 1996; Bankey et al., 2002; Pavlis et al., 2008; Maus et al., 2009; Andersen et al., 2010; Gaina et al., 2011; Harrison et al., 2011; Jakobsson et al., 2012; Chian and Lebedeva-Ivanova, 2015) , we now have an enormous resource for quantifying the geological structure and tectonic framework of the Amerasia Basin. In this study, we have applied some basic magnetic and gravity data processing and interpretation techniques to define the first-order characteristics of the Alpha-Mendeleev ridge complex.
Free air gravity highs and lows generally correlate with the bathymetric relief. A mean free air gravity value of~20 mGal over the Embry, 1989; Houseknecht and Bird, 2011) , extinctions (Sobolev et al., 2011) , and timing of major LIP events (Coffin and Eldholm, 1994) . Stratigraphic chart and magnetic time scale are from Walker and Geissman (2009) . Two major sequence boundaries are present in both the Alaskan and Canadian margin records: the Lower Cretaceous Unconformity/Breakup Unconformity (LCU/BU) at about 130 Ma and the "mid-Campanian/Boundary Creek-Smoking Hills" boundary (MCU/BC-SH) at about 85 Ma. These events coincide broadly with reported dates on major Arctic basaltic events (125 and 90 Ma; magenta stars). CRFB = Columbia River Flood Basalts; DT = Deccan Traps; KERG = Kerguelen Plateau; NAIP = North Atlantic Igneous Province; OJP = Ontong-Java Plateau. complex suggests that the structure is not in local isostatic equilibrium, and must be regionally compensated. The residual marine Bouguer gravity anomalies show no significant variation over the AlphaMendeleev ridge complex, which implies minimal lateral variability in the density structure. The magnetic anomalies show a region of high amplitude "chaotic" patterns (caused by broadly distributed volcanic rocks) that span the entire Alpha-Mendeleev ridge complex and extend beneath the sedimentary cover of the adjacent Canada Basin and the Makarov-Podvodnikov basins. Saltus et al. (2011) described this region as the "F1: Alpha-Mendeleev LIP magnetic domain". We have adopted a more generic term: the "High Arctic Magnetic High" (HAMH). The calculated pseudogravity (magnetic potential) inversion shows a regional positive high that represents the region with a deep (volcanic/magnetic) crustal root. The aerial extent of the HAMH is defined by a closed contour (isoline) of the pseudogravity and covers an area of 1.3 × 10 6 km 2 -slightly smaller than the Saltus et al. (2011) "F1 Domain" (~1.5 × 10 6 km 2 ). Our new HAMH boundary onlaps the Canadian Polar Margin ("outcropping" onshore northern Ellesmere Island) and extends into the Makarov Basin approximately along the axis of Marvin Spur. We believe that Marvin Spur may be a volcanic ridge emplaced along the edge of the HALIP. Although there are magnetic highs along the flank of Lomonosov Ridge (near the Canadian Polar Margin), it is not included in the HAMH (i.e., deep-rooted HALIP volcanism did not affect the bulk crustal structure there).
A simple 3-layer igneous crust has been satisfactory for forward 2D gravity/magnetic modeling. Bulk crustal densities for the lower crust (3000 kg/m 3 ) are significantly higher than typical continental or oceanic crust and can only be explained with a large component of mafic/ultramafic lithologies. Whether these were intruded into pre-existing oceanic or continental crust cannot be resolved without additional evidence. Both the mid-and upper-crustal layers (2900 kg/m 3 , 2600 kg/m 3 respectively) and upper portions of the lower crust (LC2) required large induced and remanent magnetization components to fit the observed magnetic anomalies. Although the velocities of the mid-crustal layer (6.7 to 7.1 km/s) are typically considered diagnostic of mafic oceanic crustal layer-2 (e.g. Chian et al., 2016) , there is a large range of velocities (and associated densities) for serpentinized ultramafic rocks, which are a likely lithology for the Alpha Ridge. The combined thickness of the middle and upper crustal layers ranges from 5 to 10 km; which (multiplied by the calculated aerial extent) provides a volumetric estimate of (at least) 6 × 10 6 km 3 for the upper portion of the HAMH/HALIP. Simplistic volumetric estimates for plutonic intrusives within the lower crust are based on the assumption that the bulk density of existing crust (3000 kg/m 3 ) is a combination of ultramafic material (3100 kg/ m 3 ) and lower density protolith crust. We estimate between 50% and 65% ultramafic composition, which results in volumetric estimates of between 13 × 10 6 km 3 and 17 × 10 6 km 3 . We are unable to make volumetric estimates of volcanic underplating due to limitations of deepcrustal mapping. Our results indicate that the total volcanic content of the Alpha-Mendeleev ridge complex within the HAMH area to be between 19 × 10 6 km 3 and 23 × 10 6 km 3 making this one of the largest global LIPs.
Comparison of the HAMH magnetic character and pseudogravity with global LIP analogs suggests the following conclusions: (1) LIPs are generally characterized by short-wavelength, high-amplitude magnetic anomalies with a "chaotic" pattern (diagnostic of upper crustal structures) and typically have associated pseudogravity highs (diagnostic of lower crustal structures); (2) continental flood basalt provinces do not generally exhibit a large positive pseudogravity anomaly over the entire LIP area (implying a more concentrated region of mid-and lower-crustal LIP related intrusions); (3) positive pseudogravity anomaly signatures (implying deep crustal extent) are associated with the roots (i.e. plume source region) of the LIP; and (4) of the analogs we have examined in detail, the Kerguelen Plateau bears the greatest similarity to the HAMH (similar magnetic and pseudogravity character and similar overall area/volume).
We feel there are too many gaps in the understanding of Arctic geodynamics to fully constrain detailed geodynamic models, but it is important that the inferred large mass, volume and heat flow implied by LIP formation be incorporated into any viable models for the tectonic development of the High Arctic region. Further study (including, but not limited to, deep seismic refraction surveys, seismic tomography, shallow and deep crustal drilling, high-resolution bathymetry, systematic airborne potential field surveys, as well as more subsurface sample collection and geochronological characterization) is important to develop a complete understanding of the HALIP and its role in the development of the Arctic ocean basins and their vast encircling continental shelf.
